Neutrino oscillations occur only if it is impossible to determine ν mass by using conservation laws on measurements of nucleon-lepton system absorbing ν. Interactions needed to keep absorbing nucleon within detector prevent determination of ν mass. Localizing the nucleon in the laboratory system creates a Heisenberg momentum uncertainty and destroys all traces of initial ν momentum. Condensed matter physics is needed to describe ν absorption in finite-size ν detector with effectively infinite mass at rest in laboratory. Relativistic quantum field theory can only describe ν wave function entering the detector but not the large uncertain momentum transfers to detector nor the associated energy-momentum asymmetry. Absorption of incident ν's with different momenta but same energy leaves no trace of initial ν momentum after undetectable recoil-free momentum transfer to detector with negligible energy transfer. The Debye-Waller factor common in X-ray diffraction by crystals gives probability that absorbing ν's with different momenta produce same nucleon-charged-lepton final state. Oscillations in time described in textbooks as interference between ν states with different energies are not observable in realistic experiments. Different energy ν's are not coherent because energy can be determined by measurements on initial and final states. Experiments detecting ν produced by π → µν decay observe no electrons even though ν mass eigenstates produce electrons. Electron amplitude canceled by interference between amplitudes from different ν mass eigenstates with same energy and different momenta entering massive detector.
I. SIMPLE QUANTUM MECHANICS MISSED BY ALL FANCY THEORIES
A. The crucial role of the Heisenberg uncertainty principle Neutrino oscillations cannot be produced by interference between two ν states with different masses if measurements on the nucleon-lepton system absorbing the ν can determine the ν mass. Neutrino oscillations are observed because the Heisenberg uncertainty principle prevents this determination of the ν mass. An oscillation wave length cannot be measured unless the size of the detector is much smaller than the wave length of the oscillation to be measured. Heisenberg then tells us that this knowledge of the position of the detector nucleon produces an uncertainly in its momentum which prevents the use of momentum conservation in determining the neutrino mass. This uncertainty in position occurs in the laboratory system. However Heisenberg does not prevent the determination of the neutrino energy.
This uncertainty only in momentum and not in energy in the nucleon-lepton system is not relativistically covariant. Lorentz transformations are useless here because they boost the whole detector. Relativistic quantum field theory can provide a full description of the neutrino wave function incident on a detector. But it cannot describe which coherence properties of the wave function in the laboratory system remain in the nucleon-lepton system after ν absorption in the detector and which properties are destroyed by Heisenberg.
B. The ν absorption by the detector is described by condensed matter physics . The Debye-Waller factor common in X-ray diffraction gives the probability that two components of an incident neutrino with a momentum difference δp can produce the same final quantum state in the detector.
where X 2 denotes the mean square distance of detector nucleon position in the detector from its equilibrium position. The transition leaves no trace of the momentum of the initial neutrino. The physics of neutrino absorption and X-ray diffraction seem to be very different.
But the physics is the same for energy and momentum transfer when a single neutrino or photon is scattered by a massive object. Energy is conserved; momentum is not. The interference fringes in X-ray diffraction and neutrino oscillations both arise from the same Heisenberg momentum uncertainty. These allow two components of the initial photon or neutrino wave functions with the same energy and different momenta to interfere coherently in producing the observed final state.
In an experiment where ν oscillations are observed the size of the detector denoted by a length L must be much smaller than the oscillation wave length.
C. How to solve problems in quantum mechanics
The theory of neutrino oscillations is a problem in quantum mechanics. The way to predict experimental results is to write down the Schroedinger equation and solve it. But in neutrino detection by a massive detector the Schroedinger equation is so complicated that it is not easily solved. Condensed matter physicists have treated this question many times by finding a small parameter and writing the solution as a power series in the small parameter.
In most cases the leading term in the series is sufficient for most purposes. In neutrino oscillations the obvious small parameter is the ratio of the detector size to the oscillation wave length. We show below that the leading term in an expansion in this small parameter is adequate.
We now explore in detail the implications of the Heisenberg uncertainty using a modelindependent description of the detector nucleon absorbing the neutrino. It applies not only for the case where the detector nucleon is bound in a crystal [2] [3] [4] but also for amorphous solid, liquid and gas detectors where the detector is confined to a region of linear dimension L satisfying (1.2).
II. DETAILED ANALYSIS OF EFFECTS OF HEISENBERG UNCERTAINTY
A. Coherence in absorption of two ν states with different masses
Consider the amplitudes for absorption of two neutrino states with slightly different masses. If energy and momentum are exactly conserved in the nucleon-lepton system, the two final nucleon-lepton states are orthogonal. There is then no interference and there are no oscillations. There is interference only if no measurement on the final state can determine the momentum of the entering neutrino. To have interference there needs to be a momentum transfer to the whole detector which is just enough to cover up the change denoted by δ p in the momentum of the entering neutrino.
Consider the case where the detector makes a transition denoted by B| T ( p) |A between an initial detector eigenstate denoted by |A to a final state denoted by |B which differs from the initial state by the absorption of a ν with momentum p a nucleon charge change and the emission of a charged lepton. The transition between the same initial detector eigenstate |A to the same final state |B by the absorption of a ν with momentum p + δ p is denoted by
where X denotes the distance between the position of the nucleon and the center of the detector. For a small change δ p
where we have taken the leading term in the expansion of the small parameter δp. and L denotes the length of the detector. We see that a change by an amount δp in the neutrino momentum will not be detected by measuring the transition |A → |B as long as the size of the detector satisfies (1.2) and is much smaller than the oscillation wave length.
If absorption of two neutrino states with slightly different momenta can produce the same change from energy level A to energy level B there is coherence. One only sees that there was a transition from A to B. One cannot know which neutrino mass produced the transition.
The momentum difference is taken up by the whole detector.
The derivation of (2.2) is independent of the model for the detector. It applies not only for the case where the detector nucleon is bound in a crystal [2] [3] [4] but also for amorphous solid, liquid and gas detectors where the detector is confined to a region of linear dimension L satisfying (1.2).
B. Application to detection of ν's produced in π → µν decay
We now apply eqs.(2.1 -2.2) to treat and explain the observation that no electrons are produced in the detector. We consider two neutrino mass eigenstates, denoted by ν 1 and ν 2 with momenta p ν and ( p ν + δ p) and include the ν → e transition.
where p A , p e and p ν denote the momenta of the initial nucleon state, the final electron and the incident neutrino and T W is the interaction producing the weak transition, Using eq (2.2) and neglecting the small parameter δp 2 · L 2 gives
Where we note that the ratio of the weak transition matrix elements is equal to the ratio of the elements of the flavor-mass mixing matrix denoted by ν e | ν 2 and ν e | ν 1 and neglect the dependence of the weak transition matrix element on the small momentum difference δp.
Consider an incident neutrino ν i which is a linear combination of the two mass eigen-
The probability that an incident neutrino ν i is absorbed with electron emission is seen to vanish if ν i is just the right mixture of mass eigenstates to be orthogonal to the electron neutrino state ν e . This explains the failure to observe electrons in the detection of neutrinos from π → µν decays.
III. OSCILLATIONS CAN ARISE ONLY IF ν MASS IS UNOBSERVABLE A. Momentum and energy conservation violations in the lepton-nucleon system
The wave function of a ν emitted in a weak decay is a linear combination of states containing different ν masses, energies and momenta. The ν is observed in a detector by an interaction which changes the charge of a nucleon and emits a charged lepton. 1. The neutrino energy is equal to the sum of the change in detector nucleon energy and the lepton energy 2. The neutrino momentum is equal to the sum of the change in detector nucleon momentum plus the lepton momentum
The ν mass is determined in this "missing mass" experiment. If the ν mass can be determined by measurements on the initial and final states there can be no interference and no oscillations.
But neutrino oscillations are observed. What is wrong with this argument?
To observe oscillations the position of the detector must be known with an error much less that the oscillation wave length. Heisenberg position-momentum uncertainty prevents the neutrino momentum from being known with sufficient precision to determine tne neutrino mass. The interaction between the neutrino and a detector with effectively infinite mass allows a finite unobserved momentum to be transferred to the detector without energy transfer. This is the same physics as the recoilless momentum transfer in photon scattering by a crystal in X-ray crystallography. Thus:
1. The neutrino energy IS equal to the sum of the change in detector nucleon energy and the lepton energy 2. The neutrino momentum IS NOT equal to the sum of the change in detector nucleon momentum plus the lepton momentum
• The nucleon is not free but bound in a large system with effectively infinite mass.
• The system can absorb momentum without energy transfer.
• This "missing momentum" prevents the determination of the neutrino mass 3. Neutrino absorption is not a "missing mass" experiment. What is observable depends on the quantum mechanics of the detector.
C. No oscillations in a "missing mass" experiment
The original Lederman-Schwartz-Steinberger experiment [1] found that the neutrinos emitted in a π − µ decay produced only muons and no electrons. Experiments now show that at least two neutrino mass eigenstates are emitted in π − µ decay and that at least one of them can produce an electron in a neutrino detector. The experimentally observed absence of electrons can be explained only if the electron amplitudes received at the detector from different neutrino mass eigenstates are coherent and exactly cancel.
The neutrinos are linear combinations of mass eigenstates with different masses, different energies and different momenta. The detector must know that the relative phases of relevant amplitudes will cancel the production of an electron. This can only be understood by investigating the quantum mechanics of the detector.
A missing mass experiment was not performed.
D. X-Ray and Mössbauer physics needed to understand interference in ν detectrion
1. The detector has a definite position in the laboratory system for all times and has effectively infinite mass.
2. Energy in the laboratory system is conserved; momentum conservation is violated as in X-ray diffraction by crystals and the Mössbauer effect [2, 3] .
• In the Mössbauer effect a photon is scattered by an atom in a crystal. Energy in the laboratory system is conserved. A missing recoil momentum is absorbed by the crystal with negligible energy loss.
• In ν experiments the ν is absorbed by a nucleon in a detector. Energy in the laboratory system is conserved. A missing recoil momentum is absorbed by the detector with negligible energy loss.
• The same quantum state of the crystal or detector is produced by transitions with different momentum transfers and the same energy transfer.
• No measurement on the final state can determine momentum of the initial photon or ν.
3. The detector can absorb ν's with a small momentum difference and the same energy transfer and produce the same final state.
4. Momentum difference and mass difference between two ν states is not observable.
IV. BASIC QUANTUM MECHANICS OF COHERENCE IN ν DETECTION A. Quantum mechanics of the detector
In neutrino oscillation experiments the neutrino is absorbed by a detector which is a complex interacting many-body system at rest in the laboratory. It is described in quantum mechanics by a Hamiltonian. Diagonalizing this Hamiltonian gives a discrete energy spectrum. Two neutrinos with different masses incident on the detector can be absorbed coherently only if they produce exactly the same final state wave function of the many-body system. Since the energy spectrum is discrete, only neutrinos with the same energy can be absorbed coherently and produce oscillations. Coherence and interference arise when neutrino eigenstates with different masses and momenta but the same energy are absorbed by a detector and produce the same transition from a given set of detector energy eigenstates.
How this occurs is treated explicitly below.
B. Difference between space and time measurements
In neutrino experiments the distance between source and detector can be measured with It is well known that at long times like the times of arrival from a supernova the wave packets separate and there is no interference and no oscillations. We consider here intermediate times which are long enough to produce oscillations and short enough so that there is nearly complete overlap between the wave packets of neutrinos with different eigenstates and different velocities.
This asymmetry between time and distance is essential for understanding neutrino oscillations and is not easily treated by relativistic quantum field theory.
C. Constraints on the detector nucleon wave function
Neutrino oscillations can be observed only if the detecting nucleon is confined for all times to a region of space in the laboratory system much smaller than the oscillation wave length.
The probability of finding the detector nucleon outside the detector must vanish for all times. The state of the detector nucleon in quantum mechanics is described by a wave function or density matrix which gives a time-independent vanishing probability for finding the nucleon outside the detector. The density matrix describing the detector nucleon must have coherence and interference between components with different momenta at each energy which cancel out the probability of finding the nucleon outside the detector.
D. Implications of space-time condition on the detector
This space-time condition on the detector nucleon wave function is crucial for a description of ν oscillations, missed in theoretical investigations, e.g. [5, 6] . and not included in formulations based on quantum field theory. Only components of the incident ν wave function with the same energy and different momenta are coherently absorbed, produce the same transitions between two detector nucleon eigenstates and interfere to create the observed oscillations. Since the ν momenta producing these transitions are not observable ν absorption is a which-path experiment in momentum space. Oscillations in configuration space are produced by interference between final states with same energy and different momenta. The experimental observation of ν oscillations shows that the ν wave function entering the detector contains coherent linear combinations of states with same energy, different momenta and definite relative phases [7] .
1. Components of an incident neutrino with the same energy and different momenta can produce coherent transition amplitudes between two detector nucleon states that both have a vanishing probability of finding the nucleon outside the detector.
2. The momentum of the neutrino that produced the transition in the detector is not observable.
3. Neutrino detection is a "two-slit" or "which-path" experiment in momentum space. That the error in the neutrino momentum is sufficiently large to allow neutrino oscillations is easily seen. The size of the detector must be much smaller than the wave length of the oscillation in space in order for oscillations to be observable. This implies that the difference in momenta of the interfering neutrino waves is much smaller that the spread in the momentum of the detector.
F. Energy-momentum asymmetry crucial to understanding ν oscillations
An energy-momentum asymmetry not treated in covariant treatments arises from the asymmetry between space and time in the detector nucleon wave function. The probability for finding nucleon outside detector spatial region vanishes for all times. The detector nucleon wave function must then vanish in space outside detector for all times.
• Components of the wave function at each energy must cancel outside the detector
• Components with the same energy and different momenta can be coherent
• Interference between states with different energies and same momentum cannot vanish outside detector
• Absorption of ν's with different momentum and same energy can be coherent. This crucial energy-momentum constraint is valid only in the laboratory frame. Covariant treatments and relativistic quantum field theory cannot explain this constraint.
V. WHY DIFFERENT APPROACHES GIVE THE SAME ANSWER
Consider a simplified two-component ν state with two components having momenta P and P + δ P with energies E and E + δE and squared masses m 2 and m 2 + ∆(m 2 ). Changes produced by a small change ∆(m 2 ) in the squared neutrino mass satisfy the relation
When these neutrinos travel through a distance X in a time t their phase is given by:
Realistic experiments detect the ν at a known and definite distance X from the source.
The time t of detection of the ν is not measured. The transit time t w of the center of the wave packet traversing the distance X can be estimated using the group velocity v g of the neutrino wave packet
The relative phase δφ(X) between the two components observed at point X is 
